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ABSTRACT
Context. Dense molecular filaments are central to the star formation process, but the detailed manner in which they fragment into
prestellar cores is not yet well understood.
Aims. Here, we investigate the fragmentation properties and dynamical state of several star-forming filaments in the X-shape Nebula
region of the California molecular cloud, in an effort to shed some light on this issue.
Methods. We used multi-wavelength far-infrared images from Herschel and the getsources and getfilaments extraction methods to
identify dense cores and filaments in the region and derive their basic properties. We also used a map of 13CO(2 − 1) emission from
the Arizona 10m Submillimeter Telescope (SMT) to constrain the dynamical state of the filaments.
Results. We identified 10 filaments with aspect ratios AR > 4 and column density contrasts C > 0.5, as well as 57 dense cores,
including 2 protostellar cores, 20 robust prestellar cores, 11 candidate prestellar cores, and 24 unbound starless cores. All 10 filaments
have roughly the same deconvolved FWHM width, with a median value 0.12 ± 0.03 pc, independently of their column densities
ranging from < 1021 cm−2 to > 1022 cm−2. Two star-forming filaments (# 8 and # 10) stand out in that they harbor quasi-periodic
chains of dense cores with a typical projected core spacing of ∼0.15 pc. These two filaments have thermally supercritical line masses
and are not static. Filament 8 exhibits a prominent transverse velocity gradient, suggesting that it is accreting gas from the parent
cloud gas reservoir at an estimated rate of ∼ 40±10 M Myr−1 pc−1. Filament 10 includes two embedded protostars with outflows and
is likely at a somewhat later evolutionary stage than filament 8. In both cases, the observed (projected) core spacing is similar to the
filament width and significantly shorter than the canonical separation of ∼ 4 times the filament width predicted by classical cylinder
fragmentation theory. Projection effects are unlikely to explain this discrepancy. We suggest that continuous accretion of gas onto the
two star-forming filaments, as well as geometrical bending of the filaments, may account for the observed core spacing.
Conclusions. Our findings suggest that the characteristic fragmentation lengthscale of molecular filaments is quite sensitive to external
perturbations from the parent cloud, such as gravitational accretion of ambient material.
Key words. stars: formation – ISM: clouds – (ISM:) dust, extinction – ISM: kinematics and dynamics
1. Introduction
The early phases of star formation are still poorly understood.
One of the most pressing open questions is how filaments frag-
ment into cores at the earliest evolutionary stages. Addressing
this issue is crucial to our understanding of the initial conditions
of star formation (cf. André et al. 2010).
Observations with the Herschel space observatory have re-
vealed that filaments are truly ubiquitous in the cold interstellar
medium (ISM), with lengths ranging from ∼ pc in nearby molec-
ular clouds to ∼ 102 pc in the Galactic plane (Men’shchikov
et al. 2010; Wang et al. 2015). Most ( > 75 %) prestellar cores
lie inside filaments with column densities NfilH2 & 7 × 1021 cm−2
(Könyves et al. 2015), implying that filaments play a key role in
the star formation process (André et al. 2014). The typical in-
ner width of filaments in nearby molecular clouds is ∼ 0.1 pc
(Arzoumanian et al. 2011, 2019), but the origin of this charac-
teristic width is still a controversial topic. The typical value may
come from supersonic turbulence in the ISM (Pudritz & Kevla-
han 2013; Federrath 2016), or the balance of quasi-equilibrium
structure with ambient ISM pressure (Fischera & Martin 2012).
Filaments serve as highly efficient routes for feeding material
into star-forming cores (André et al. 2014). The material around
filaments is not at all static. For instance, a pronounced trans-
verse velocity gradient provides good kinematic evidence for
accretion flows of ambient gas material into the B211/B213 fila-
ment of the Taurus molecular cloud (MC) (Palmeirim et al. 2013;
Shimajiri et al. 2019b). Other dense filaments such as infrared
dark clouds or the Serpens South filament exhibit both trans-
verse and longitudinal velocity gradients, suggesting that, gas
is not only accreted by, but also flowing along these filaments
(e.g. Kirk et al. 2013). In most cases, the transverse gradients
appear to dominate over the longitudinal gradients (Dhabal et al.
2018). In the Serpens South case, for instance, the mass flow
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rate along the filament is estimated to be only ∼1/4 of the accre-
tion rate in the transverse direction (Kirk et al. 2013). The criti-
cal line-mass of a cylindrical isothermal filament in hydrostatic
equilibrium is Mline,crit ≡ 2 c2s/G, where cs is the sound speed
and G the gravitational constant, or ∼16 M pc−1 for a gas tem-
perature of 10 K (e.g. Ostriker 1964; Inutsuka & Miyama 1997).
Recently, Arzoumanian et al. (2019) divided observed filaments
into three families according their line-mass Mline: thermally su-
percritical filaments (Mline & 2 Mline,crit), transcritical filaments
(0.5 Mline,crit . Mline . 2 Mline,crit), thermally subcritical fila-
ments (Mline,crit . 0.5 Mline,crit). For an infinitely long cylindrical
filament in hydrostatic equilibrium, core spacing is predicted to
be ∼ 4 × the filament diameter by linear fragmentation models
(e.g. Inutsuka & Miyama 1992), or ∼ 0.4 pc taking the typical fil-
ament width into account. However, this does not match the ac-
tual core spacing found in observations which, at least on small
scales, appears to be dominated by typical Jeans-like fragmen-
tation (e.g. Kainulainen et al. 2013, 2017; Könyves et al. 2020;
Ladjelate et al. 2020). Here, based on our findings in the Cal-
ifornia MC, we propose that this discrepancy results from the
fact that star-forming filaments are not isolated but accrete fresh
matter from their parent clouds at the same time as they fragment
into cores.
Star formation activity is generally found only in high-
extinction parts of MCs, but the mass of high-extinction mate-
rial with AK > 1.0 mag in the California MC is only 10% of that
in OrionA MC (Lada et al. 2009), and the star formation rate
is accordingly much lower. The number of young stellar objects
(YSOs), which may be taken as an indicator of star-formation
activity, is only 177/2980∼ 6% of that observed in the Orion A
MC (Lada et al. 2017; Großschedl et al. 2019). Only one B-type
main-sequence star is found in the south-eastern part of the Cal-
ifornia MC and is associated with relatively intense star forma-
tion in a local region around it (Andrews & Wolk 2008). The
global star formation efficiency estimated by Zhang et al. (2018)
for the California MC is only ∼ 1%, which is half of the typ-
ical value (∼ 2%) in the molecular clouds of the Milky Way
(Evans 1991). The California MC is therefore an ideal place to
study star formation at early stages. The X-shape region lies at
the center of the California MC (see Fig. 1). The distance to
the California MC as estimated from Gaia DR2 (Gaia Collab-
oration et al. 2018) stellar parallaxes is 500 ± 7 pc according
to Yan et al. (2019) and 470 ± 2 ± 24 pc according to Zucker
et al. (2019), which is slightly farther than both the distance
(450 ± 23 pc) estimated by Lada et al. (2009) through compari-
son of foreground star counts with Galactic models and the dis-
tance (410± 41 pc) estimated by Schlafly et al. (2014) with stars
from the PanSTARRS-1 survey. Different distance measurement
methods bring uncertainties of about 10 % in size and 20 % in
mass for the California MC. In this study, we adopt a distance
of 500 pc. The most distinctive feature of this region is that it
resembles an ’X’. Two low-density filaments meet at the north
dense hub region and extend to the southeast and southwest with
an intersection angle of ∼ 60◦ in the plane of sky. Small longi-
tudinal velocity gradients of 0.1 and 0.2 km s−1 pc−1 are mea-
sured along the southeast and southwest filaments (Imara et al.
2017). The hub region harbors at least two YSOs. One is a Class
II object and the other is a Class I source (Harvey et al. 2013;
Broekhoven-Fiene et al. 2014). These two YSOs may be the
driving sources of a low-mass low-velocity outflow (Imara et al.
2017).
The outline of the present paper is as follows. In Sect. 2,
we describe the Herschel submillimeter dust emission data and
SMT 10m molecular line observations of the X-shape region.
Fig. 1. Large-scale column density map of the California MC derived
from Planck 850 µm optical-depth data (5′ resolution). The location of
the X-shape Nebula region is marked by black square.
Data analysis and results are presented in Sect. 3. In Sect. 4,
we discuss evidence of accretion onto an early-stage filament,
as well as the detailed fragmentation properties of the same fila-
ment. We summarize our conclusions in Sect. 5.
2. Observations and data reduction
2.1. Herschel dust continuum data
The Herschel imaging observations of the California MC (Har-
vey et al. 2013), include PACS 70 and 160 µm (Poglitsch et al.
2010) and SPIRE 250, 350 and 500 µm (Griffin et al. 2010)
data. The beam sizes of the PACS data at 70 and 160 µm are
8.4 and 13.5′′, respectively. The beam sizes of the SPIRE data
at 250, 350 and 500 µm are 18.2, 24.9 and 36.3′′, respectively.
The SPIRE/PACS parallel-mode was used to make scan maps
with speed of 60′′ s−1. We downloaded the Herschel maps from
the NASA/IPAC Infrared Science Archive1 and extracted a sub-
field of about 40′×40′ around the X-shape Nebula. A close-
up map of the X-shape Nebula is shown in Fig. 2. The loca-
tion of the X-shape Nebula is marked in the large-scale map of
the California MC shown in Fig. 1. Zero-level offsets were de-
rived for the Herschel maps from comparison with Planck and
IRAS data (cf. Bracco et al., in prep.; Bernard et al. 2010). They
are 19.7, 26.5, 15.0, and 5.5 MJy sr−1 at 160, 250, 350, and
500 µm, respectively. Pixel-by-pixel SED fitting to the Herschel
160 to 500 µm data with a modified blackbody function was
used to create a high-resolution (18.2′′) H2 column density map
with the method described in Appendix A of Palmeirim et al.
(2013). A power-law form was assumed for the dust opacity,
κλ = 0.1 (λ/300 µm)−β cm2 g−1, with a fixed β = 2 value (Roy
et al. 2014). Our column density map has twice higher resolution
than the 36.3′′-resolution map presented by Harvey et al. (2013).
When smoothed to the same 5′ resolution, our high-resolution
map is consistent within better than 10% over more than 90% of
the pixels with the Planck 850 µm optical-depth map converted
to an H2 column density image using the above dust opacity law.
A temperature-corrected 160 µm map was also derived by con-
verting the original 160 µm map to an approximate column den-
sity image using the color-temperature map derived from the in-
tensity ratio between 160 and 250 µm (see Könyves et al. 2015).
1 https://irsa.ipac.caltech.edu/data/Herschel/ACMC/
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Fig. 2. Blow-up column density views of the X-shape Nebula region in the California MC. Panel (A): Filtered version of the high-resolution
(18.2′′) column density map showing partially-reconstructed filaments with transverse angular scales only up to ∼ 100′′ from getfilaments (cf.
Sect. 2.4.3 in Men’shchikov 2013). The background image shows field stars from the Pan-STARRS optical survey (Chambers et al. 2016). Panel
(B): Unfiltered high-resolution column density map with the network of filamentary structures identified by getfilaments overlaid in grey. The
crests of the ten filaments selected in Sect. 3.2 are highlighted in white (for thermally supercritical filaments with Mline > Mline,crit) or magenta (for
subcritical filaments with Mline < Mline,crit).
2.2. SMT 10m single-dish observations of CO lines
Maps of the X-shape Nebula in the 12CO(2− 1) and 13CO(2− 1)
lines were obtained from the ESO Public Survey SAMPLING2
(Wang et al. 2018). These CO observations were carried out
with the 10m submillimeter telescope (SMT) of the Arizona Ra-
dio Observatory in on-the-fly mode with Nyquist sampling, and
cover thirteen 5 × 5′ sub-fields arranged along the main ‘X’ of
the X-shape region (see Fig. A.1). We used GILDAS3 to detect
bad channels and calibrate the data. A main beam efficiency of
0.7 was adopted to convert the measured antenna temperature
(TA) scale to a main beam temperature (Tmb) scale. The effec-
tive resolution of the CO data is 36′′, corresponding ∼0.09 pc at
the distance of 500 pc. The velocity resolution (channel width)
is 0.33 km s−1, the rms noise is less than 0.2 K, and the pixel size
of the final data cubes is 8′′.
3. Data analysis and results
The Herschel 70, 160, 250, 350, 500 µm images, complemented
by the temperature-corrected 160 µm image (at 13.5′′resolution)
and the H2 column density image (at 18.2′′resolution) were re-
projected onto the same 3′′pixel grid covering the same area of
∼0.7 deg2.
3.1. Source and filament extraction
Before extraction of sources and filaments, all original images
were background-subtracted and flattened using the getimages
method (Men’shchikov 2017). This method equalizes the back-
ground and noise fluctuations across an entire image, making
extractions more reliable (less prone to spurious sources). The
resulting flattened detection images were given as inputs to get-
sources (Men’shchikov et al. 2012), a multi-wavelength, multi-
scale source extraction package, which also includes the fila-
2 http://sky-sampling.github.io
3 https://www.iram.fr/IRAMFR/GILDAS/
ment extraction algorithm getfilaments (Men’shchikov 2013).
getsources and getfilaments have only one user-defined parame-
ter per image, the maximum size of the sources of interest (see,
e.g., Sect 3.2 in Men’shchikov 2017). Here, source extraction
was performed4 using a maximum size of four times the angular
resolution at each wavelength.
Both getsources and getfilaments employ spatial decomposi-
tion to process and analyse the entire multi-wavelength data set.
The decomposed images are cleaned of all insignificant fluctu-
ations and combined together to detect sources simultaneously
in all wavebands. Having detected the sources, getsources mea-
sures their properties (e.g., fluxes, sizes) at each wavelength,
in the original images. To identify the self-luminous point-like
sources, a second extraction run, using only the 70 µm image to
detect sources, is performed, measuring the fluxes of all detec-
tions in each waveband. Here, the high-resolution column den-
sity image (18.2′′) was processed by getfilaments to detect the
filaments (their skeletons) and then to measure and catalog their
properties.
For full details on how getsources and getfilaments work, we
refer the interested readers to the papers by Men’shchikov et al.
(2012) and Men’shchikov (2013, 2017) that include also links to
the numerical codes.
3.2. Filamentary structure selection
Molecular filaments are elongated structures of gas and dust in
molecular clouds (e.g. André et al. 2014; André 2017). We define
the aspect ratios (AR) of a filamentary structure as
AR = L/W, (1)
where L is length of the crest and W is the full width at half max-
imum (FWHM) of the radial column density profile. We use the
median FWHM measured along the crest in the present study.
4 Version 2.190425 of getsources was used here.
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Fig. 3. Median radial column density (a) and dust temperature (b) profiles of filament 8. Error bars correspond to the standard deviation of observed
values at a given radius. In panel (a), the red solid line shows the median profile measured in the high-resolution (18.2′′) column density map. The
background level (at >0.18 pc, ∼ 3 × 1021 cm−2) is marked with a blue dashed line. The median FWHM width of the filament derived from this
column density profile is 0.14 ± 0.03 pc. In panel (b), the dust temperature measured at filament center is ∼ 13 K, compared to ∼ 15.5 K for the
local background cloud (at >0.18 pc, marked by blue dashed line).
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Fig. 4. Median radial column density (a) and dust temperature (b) profiles measured on the eastern and western sides of filament 10 (green and red
solid lines, respectively). The median FWHM width derived from the filament profile in panel (a) is 0.1± 0.03 pc. Possibly because of the effect of
YSO outflows on this filament, the column density profile is somewhat wider on the western side. The background level measured on the eastern
side (at >0.1 pc, ∼ 3.5 × 1021 cm−2) is marked with a blue dashed line.
The column density contrast (C) of a filamentary structure is de-
fined as
C = N0H2/N
bg
H02
, (2)
where N0H2 is the median column density along the filament crest
and NbgH2 is the background column density around the filament.
N0H2 is measured in the source-subtracted filament map, while
NbgH2 is measured in the background map. Using getfilaments, a
network of filaments and its corresponding skeleton was traced
in the column density map. From this network, we selected 10
filamentary structures with aspect ratios AR > 4 and column
density contrasts C > 0.5. The line mass Mline of each filament
was estimated as follows:
Mline ≈ µH2mHN0H2 ×W, (3)
where µH2 = 2.8 is the molecular weight per hydrogen molecule.
mH is the H atom mass. Assuming that each filament is cylindri-
cal, we took the filament diameter to be the measured filament
FWHM width W. The filament average volume density was es-
timated as
nH2 ≈ N0H2/W. (4)
We identified five subcritical filaments (filament 1–4, 7) and and
supercritical (or transcritical) filaments (filament 5, 6, 8–10).
Figure 3 shows the radial column density profile (panel a) and
the temperature profile (panel b) of filament 8 as measured in
the original column density and dust temperature maps, respec-
tively. The estimated background column density toward this fil-
ament is ∼ 3 × 1021 cm2 and the centroid temperature is ∼ 13
K. Likewise, Fig. 4 shows the radial column density and tem-
perature profiles of filament 10. The derived physical properties
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Table 1. Derived physical parameters of the ten selected filaments.
No. L Wdec AR C T 0d N
0
H2
nH2 Mfil Mline
(pc) (pc) (K) 1021 cm−2 103 cm−3 (M) (M pc−1)
1 0.53 0.11±0.02 4.4±0.8 0.7±0.1 16.4±0.2 0.8±0.1 2.2±0.4 1.2 2.3
2 0.48 0.1±0.04 4.4±1.6 0.9±0.1 15.9±0.3 1.2±0.2 3.5±0.6 1.4 2.9
3 0.8 0.11±0.1 6.8±5.7 0.8±0.1 16.8±0.2 0.8±0.1 2.3±0.6 1.8 2.2
4 0.64 0.16±0.09 4±2.2 1±0.2 16.3±0.4 1.2±0.3 2.4±0.8 2.8 4.3
5 0.93 0.16±0.06 5.8±2.3 2±0.3 15.1±0.4 2.4±0.3 4.9±1 8.2 8.8
6 0.95 0.18±0.08 5.1±2.2 1.3±0.2 15±0.7 1.8±0.3 3.2±0.7 7.2 7.6
7 1.13 0.13±0.03 8.4±1.7 0.9±0.2 16±0.5 1.1±0.4 2.7±1.1 3.9 3.5
8 0.98 0.13±0.03 7.1±1.7 5.3±0.7 12.9±0.4 9.5±1 22±3 29.1 29.6
9 0.66 0.1±0.04 5.9±2.1 4±1 13.3±0.4 6.8±1.5 22.7±8.9 13.2 19.9
10 0.55 0.09±0.03 5.4±1.6 7.6±1.1 13.3±0.9 12±1.9 38.5±7.7 14.8 27
Notes. The filaments were detected and measured in the Herschel high-resolution (18.2′′) column density map. No. is the index number of each
filament. L is the length. Wdec is the median deconvolved FWHM width. AR is the aspect ratio. C is the column density contrast. T0d is the
median centroid dust temperature. N0H2 is the median centroid H2 column density. nH2 is the average volume density. Mfil is the mass estimated by
Mfil = Mline × L. Mline is the estimated line-mass.
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Fig. 5. Plots of deconvolved FWHM width (Wdec) (panel a) and central dust temperature (T 0d ) (panel b) against central H2 column density (N
0
H2
)
for the ten selected filaments of Table 1. The error bars correspond to standard deviations. In panel (a), the thermal Jeans length λJ = cs/
√
Gρ
as a function of column density is shown by green-dotted and blue-dashed lines for gas temperatures of 10 K and 15 K, respectively, where
ρ = µH2mHNH2/W and W ∼ 0.1 pc. In panel (b), there is a clear anti-correlation between T 0d and N0H2 : T 0d ∝ (−3.2±0.2)logN0H2 (green dashed line).
of the 10 selecte filaments are given in Table 1. The deconvolved
FWHM widths (Wdec) of the filaments range from 0.09 to 0.18 pc
and are largely uncorrelated with the filament column densities
(NH2 ) (see Fig. 5a).
The median filament width is Wdec is 0.12 ± 0.03 pc, which
is consistent with the common inner width Wdec ∼ 0.1 pc of fil-
aments in the Herschel Gould Belt survey (HGBS) (see e.g. Ar-
zoumanian et al. 2011, 2019). The median column density con-
trast over the background is C ∼ 0.9 ± 0.2 for the low-density
subcritical filaments and C ∼ 4 ± 0.7 for the higher-density su-
percritical (or transcritical) filaments. Clearly, the lower con-
trast of subcritical filaments leads to larger measurement er-
rors and larger uncertainties in their derived properties (such
as their widths). The median line mass of subcritical filaments
is Msubline ∼ 2.9 ± 0.9 M pc−1, while that of supercritical (or
transcritical) filaments is Msupline ∼ 19.9 ± 10 M pc−1. The me-
dian volume density of subcritical filaments is estimated to be
nsubH2 ∼ 2.4 ± 0.6 × 103 cm−3, while that of supercritical (or
transcritical) filaments is nsupH2 ∼ 22 ± 3 × 103 cm−3. As the
filament width Wdec is nearly uniform, both NH2 and nH2 scale
linearly with Mline according to Eq. (3) and Eq. (4). The cen-
tral dust temperature Td of each filament was estimated from
the dust temperature map (at 36.3′′ resolution) along the fila-
ment crest. This dust temperature Td is anti-correlated with NH2 :
Td ∝ (−3.2 ± 0.2)logNH2 (see Fig. 5b). The median dust tem-
perature of subcritical filaments is T subd ∼ 16 K and that of su-
percritical (or transcritical) filaments 3 K lower, T supd ∼ 13 K.
For filaments including only starless cores without self-luminous
protostars, optical depth and thus shielding against heating from
the ambient radiation field increases, implying that high-density
filaments tend to be colder than low-density filaments (see, e.g.,
Palmeirim et al. 2013 and Men’shchikov 2016).
3.3. Selection and classification of reliable cores
Dense cores are individual cloud fragments with typical sizes .
0.1 pc, which correspond to local overdensities and therefore lo-
cal minima in the gravitational potential of the parent molecular
cloud (e.g. Bergin & Tafalla 2007; André et al. 2014). Reliable
cores were selected and classified according to the detailed crite-
ria described by Könyves et al. (2015). This method has already
been validated and applied to many molecular clouds in the Her-
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Fig. 6. High-resolution (18.2′′) column density views of filament 8 and its embedded cores. All maps are shown from 1021 to 2× 1022 cm−2. Panel
(a) shows the high-resolution (18.2′′) column density map. Panel (b) shows a clean-background and core-subtracted filament image reconstructed
over the full range of spatial scales. The crest of filament is shown with a blue dotted line. Panel (c) shows the five robust prestellar cores identified
along this filament (marked by FWHM Gaussian ellipses), which are regularly spaced with measured projected spacings of 0.17, 0.16, 0.15, and
0.18 pc from south to north, respectively. The mean core spacing is 0.17 ± 0.01 pc. Panel (d) shows the detected cores overlaid on the filament.
Fig. 7. High-resolution (18.2′′) column density views of filament 10 and its embedded cores. All maps are shown from 1021 to 3× 1022 cm−2. Two
protostellar cores (core # 44, 46) and two robust prestellar cores (core # 43, 49) are detected along this filament. These four cores are regularly
spaced with projected spacings of 0.11, 0.12, and 0.16 pc, respectively. The average core spacing is 0.13 ± 0.02 pc.
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Fig. 8. Longitudinal column density profiles of filament 8 (left panel) and filament 10 (right panel). In both cases, the column density profiles (red
curves) were obtained from the original high-resolution (18.2′′) column density map. In the left panel, cores # 32 and 34 partly overlap and were
deblended by getsources using an iterative method. The inferred structure of these two cores is shown by the blue dashed Gaussian profiles. The
four cores in the right panel are clearly separated from one another and did not require any deblending.
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Table 2. Derived physical parameters for the cores identified along filaments 8 and 10.
Filament No. R.A. Dec. HL HS PA Rdec N
p
H2
Mcore MBE Type
(J2000) (J2000) (′′) (′′) (◦) (pc) (1021 cm−2) (M) (M)
29 04:21:14.5 +37:37:48 46.2 18.5 169.9 0.06 6.4(1) 0.9 1.1 R-PRE
30 04:21:14.6 +37:36:37 41.2 20 164.1 0.05 5(1.5) 0.9 1.1 R-PRE
F8 32 04:21:17.4 +37:35:38 37.8 20 116.5 0.05 4.3(1.7) 0.7 1 R-PRE
34 04:21:20.7 +37:34:51 39.1 20.5 165.8 0.05 2.4(1.2) 0.5 1 R-PRE
33 04:21:18.2 +37:33:44 37.6 19.8 4.8 0.05 11(1.4) 2.3 1 R-PRE
43 04:21:37.7 +37:35:21 32.5 18.2 157.4 0.04 5.6(2) 2.8 0.8 R-PRE
F10 44 04:21:38.5 +37:34:37 24.1 18.2 3 0.03 18.7(4.3) 3.8 0.5 PRO
46 04:21:41.1 +37:33:58 20.3 18.7 130.3 0.02 15.3(4.5) 1.9 0.3 PRO
49 04:21:45.5 +37:33:19 36.6 18.2 128.2 0.04 9(3.6) 2.9 0.9 R-PRE
Notes. This table shows the portion of Table A.1 corresponding to the cores along filaments 8 and 10. No. is the core index number in Table A.1.
R.A. and Dec. are the centroid equatorial coordinates of the cores. The cores are sorted from north to south along the crest of each filament. HL
and HS are the major and minor axes of the elliptical Gaussian source that was fitted to each core in the Herschel high-resolution (18.2′′) column
density map. PA is the position angle of the major axis (measured east of north). Rdec is the deconvolved radius. NpH2 is the peak column density.
Mcore is the mass estimated from SED fitting. When a core is protostellar, Mcore is the protostellar envelope mass. MBE is the critical Bonnor-Ebert
(BE) mass. R-PRE stands for robust prestellar core, PRO for protostellar core.
schel Gould Belt Survey (HGBS – André et al. 2010). The core
size is defined as the mean deconvolved FWHM diameter of an
equivalent elliptical Gaussian source:
Rdec =
√
HLHS − O2, (5)
where HL and HS are the major axis and minor axis of the equiv-
alent Gaussian source, and O = 18.2′′ is the angular resolu-
tion of the column density map. The integrated flux measured
for each deblended core at each wavelength by getsources were
used to fit a SED with a modified blackbody function that was
also used to create the column density map in Sec. 3.1. The
mass, line of sight averaged dust temperature and peak column
density of each core were also estimated. Prestellar cores are
gravitationally-bound starless cores that represent fundamental
units of star formation (Ward-Thompson et al. 2007; Bergin &
Tafalla 2007; André et al. 2014). To first approximation, the
structure of such cores resembles that of self-gravitating isother-
mal equilibrium Bonnor-Ebert (BE) spheroids (Ebert 1955; Bon-
nor 1956), bounded by the ambient pressure of the parent cloud,
as observed in many cases (e.g. Alves et al. 2001; Bacmann et al.
2000; Kirk et al. 2005). The BE model is useful even though real
cores are not strictly isothermal (e.g Galli et al. 2002) and not
necessarily in hydrostatic equilibrium either (e.g. Ballesteros-
Paredes et al. 2003). This model has been widely used as a tem-
plate to select prestellar cores, in, e.g., the HGBS survey (see,
e.g., Könyves et al. 2015) and ground-based sub-millimeter ob-
servations (see, e.g., Zhang et al. 2015). In particular, although
the critical BE mass, McritBE (maximum mass of an equilibrium
isothermal sphere for a given temperature and ambient pressure),
differs conceptually from the virial mass, it provides a good ap-
proximation to the latter for unmagnetized, thermal cores (see,
e.g., Li et al. 2013). The critical BE mass can be expressed as
(Bonnor 1956)
McritBE ≈ 2.4RBE c2s/G, (6)
where RBE is the BE radius. Here, we used the deconvolved
FWHM size measured in the column density map to estimate
the core radius. Assuming an ambient cloud temperature of 10
K, the isothermal sound speed cs is ∼ 0.19 km s−1. When the
ratio αBE = McritBE/Mcore ≤ 2, the starless core was deemed to
be self-gravitating and classified as a robust prestellar core. Fol-
lowing Könyves et al. (2015), an empirical size-dependent ra-
tio αBE,emp ≤ 5 × (ONH2 /HNH2 )0.4, where ONH2 and HNH2 are the
beam size (18.2′′) of the high-resolution column density map and
the core FWHM in this map, respectively, is also considered to
select additional candidate prestellar cores. A protostellar core
is a dense core in which there is at least one protostar in the
half-power column density contour. We identified 24 unbound
starless cores, 20 robust prestellar cores, 11 additional candidate
prestellar cores, and two protostellar cores. The core positions
are overlaid on the column density map in Fig. A.1 and the phys-
ical parameters of the cores are given in Table A.1. About 45%
of the prestellar cores lie in thermally supercritical filaments,
∼ 45% in transcritical filaments, while the rest (∼ 10%) of the
prestellar cores are observed toward clumpy cloud structures.
Unbound starless cores are only observed toward subcritical fil-
amentary structures. The derived core masses range from 0.04
to 5.8 M, with a mean value of 0.8 M. The deconvolved core
radii range from 0.02 to 0.12 pc, with a mean value of 0.06 pc.
A remarkable string of five regularly-spaced robust prestellar
cores is observed along the crest of filament 8 (see Fig. 6). The
mean projected spacing between these five cores (# 29, 30, 32,
34, 33) is ∼ 0.17 ± 0.1 pc. (see Fig. 8), and their typical mass is
∼ 0.8 M (see Table 2). To test whether the quasi-periodic pat-
tern of core spacings observed along filament 8 may also occur
for a randomly-distributed population of cores, we used the pub-
licly available python code FRAGMENT (Clarke et al. 2019) to
construct 10 000 random realizations of 5 cores randomly-placed
along a 0.98-pc-long filament and to compare the resulting over-
all distribution of nearest-neighbor separations (NNS) with the
observed NNS distribution using a Kolmogovov-Smirnov (K-
S) test. The results indicate that there is a very low probability,
p ∼ 0.001 (equivalent to > 3σ in Gaussian statistics), that the
observed quasi-periodic pattern may arise from an intrinsically
random distribution of cores. This means that the quasi-periodic
pattern of cores along filament 8 is highly significant.
Another string of four regularly-spaced cores is observed
along the crest of filament 10 (see Fig. 7), including two robust
prestellar cores (core # 43 and 49) and two protostellar cores
(core # 44 and 46). Here, the mean projected core spacing is
∼ 0.13 ± 0.02 pc (see Fig. 8). Based on a K-S test similar to that
described above for filament 8, the probability that the observed
quasi-periodic pattern may arise from a random distribution of
cores is p ∼ 0.008 (equivalent to > 2.5σ in Gaussian statistics).
Thus, the quasi-periodic pattern of cores along filament 10 is also
significant, although not as highly significant as in filament 8.
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Fig. 9. Views of the transverse velocity gradient across filament 8. Panel (a): Map of centroid velocities observed in 13CO(2 − 1), shown from
VLSR = −1.86 km s−1 (blue) to VLSR = +1.14 km s−1 (red). The crest of the filament is marked by a green line. The cores identified with getsources
are shown by black ellipses, whose sizes correspond to the (major and minor) FWHM diameters of the equivalent Gaussian sources. Panel (b):
Map of the linear transverse-velocity gradient model fitted on the blue-shifted eastern side (2.17 × Xoffset km s−1) and red-shifted western side
(0.74 × Xoffset km s−1) of the filament. Panel (c): Map of centroid velocities obtained after subtracting the transverse velocity gradient.
Fig. 10. Mean 12CO(2–1) (blue) and 13CO(2–1) (green) spectra ob-
served with the SMT along the crest of filament 8. A +1 K offset
has been added to the corrected main beam temperature (T ∗mb) of the
12CO(2–1) spectrum. The red curve shows a Gaussian fit to the 13CO(2–
1) line profile. The vertical red dashed line marks the line centroid ve-
locity of the 13CO(2–1) spectrum (−0.36 km s−1) .
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Fig. 11. Crest-averaged centroid velocity as a function of right-
ascension offset Xoffset from the crest of filament 8. This shows
the man transverse velocity gradient observed across filament 8, is
∼2.17 ± 0.27 km s−1 pc−1 on the eastern, blue-shifted side and ∼0.74 ±
0.09 km s−1 pc−1 on the western, red-shifted side.
3.4. Transverse velocity gradient across filament 8
To investigate the presence of velocity gradients toward fila-
ment 8, we selected all SMT 13CO(2 − 1) spectra with a signal-
to-noise ratio S/N > 4. After subtracting a baseline from each
spectrum, we fitted a Gaussian profile to estimate the centroid
velocity at each position and created a centroid velocity map
(see Fig. 9). The average 13CO(2 − 1) and 12CO(2 − 1) spectra
observed with the SMT along the crest of filament 8 are shown
in Fig. 10. Based on the centroid velocity map (Fig. 9a), we con-
structed an average transverse position–velocity plot across fil-
ament 8 (Fig. 11). To do so, we selected all 13CO(2 − 1) spec-
tra observed in a 0.5-pc-wide strip about the filament crest and
grouped them in bins of 0.05 pc to calculate a crest-averaged
centroid velocity as a function of radial offset from the filament
crest (Fig. 11). The average centroid velocity observed along the
crest of filament 8 is ∼ −0.36 km s−1. Blue-shifted gas is dis-
tributed to the east of the filament crest. The average centroid
velocity observed 0.25 pc to the east of the crest is −0.87 km s−1,
corresponding to a relative velocity of ∼ −0.51 km s−1 with re-
spect to the filament. Red-shifted gas is observed to the west of
the filament crest. The average velocity observed 0.25 pc to the
west of the crest is ∼ −0.21 km s−1, corresponding to a relative
velocity ∼ +0.15 km s−1 with respect to the filament. The best-
fit linear velocity gradient is ∇Veast = 2.17 ± 0.27 km s−1 pc−1
on the eastern side and ∇Vwest = 0.74 ± 0.09 km s−1 pc−1
on the western side. There is also a weak longitudinal veloc-
ity gradient along the crest of filament 8, from north to south
of ∼ 0.21 ± 0.03 km s−1 pc−1, consistent with that reported by
Imara et al. (2017) on larger scales. We stress that the ampli-
tude of the longitudinal velocity gradient is an order of magni-
tude lower than the amplitude of the transverse gradient, how-
ever. The observed longitudinal velocity gradient is also a factor
of ∼2–4 weaker than that measured toward the filaments of the
SDC13 infrared dark cloud, a hub-filament system with a mor-
phology very similar to the X-shape region (Peretto et al. 2014).
4. Discussion
The Herschel data have revealed the presence of at least two
quasi-periodic chains of dense cores (along filaments 8 and 10)
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in the X-shape region, with a typical projected core spacing
∼ 0.15 pc comparable to (or only ∼ 30–40% higher than) the
filament inner width in both cases. The length of filament 8 is
∼1 pc and its line-mass is ∼ 30 M pc−1, roughly twice the crit-
ical line-mass (Mline,crit ∼ 16 M pc−1) for an isothermal gas
cylinder at 10 K. Filament 10 has about the same mass per unit
length but is about half the length of filament 8 (see Table 1). In
contrast to filament 8 which includes only prestellar cores, fila-
ment 10 harbors two embedded protostars and may be thus be
slightly more evolved, at a somewhat later fragmentation stage.
While filament 8 exhibits a pronounced transverse velocity gra-
dient (Sect 3.4 and Fig. 11), there is no clear evidence of such
a gradient toward filament 10, but this may be due to confusion
of the 12CO(2 − 1) data by the outflows from the two embedded
protostars. In this section, we discuss the implications of these
results for our understanding of fragmentation in star-forming
filaments.
4.1. Evidence of accretion into filament 8?
Blue-shifted and red-shifted 12CO(2–1) gas is distributed to the
east and to the west of filament 8, respectively, a pattern observed
up to at least ±0.4 pc on either side of the filament. This is trac-
ing a transverse velocity gradient of about 1.5 km s−1 pc−1 on
average (see Fig. 9a), may a priori arise from large-scale accre-
tion, rotation, or shearing motions (or a combination of such mo-
tions). While bulk rotation in most Galactic molecular clouds is
known to cause velocity gradients . 3 km s−1 pc−1 (e.g. Phillips
1999; Braine et al. 2018), the velocity gradient observed here
is unlikely to be due to solid-body rotation of filament 8 about
its main axis for the following reasons. First, solid-body rota-
tion would yield the same linear gradient on either side of the
filament, which is not the case here (see Fig. 11). Second, the
moment of inertia I∆ derived from the (column) density profile
of the filament is very large when estimated up to Rmax = 0.4 pc
from the filament axis ∆:
I∆(Rmax) =
∫ Rmax
0
ρ(r) 2pir3dr × L,
where L is the length of the filament. If the observed velocity
gradient is interpreted in terms of rotation at an angular velocity
Ω ∼ 1.5 km s−1 pc−1 ∼ 4.9 × 10−14 rad s−1, this would imply
a very high rotational energy per unit length. Accordingly, the
ratio of rotational (Erot) to gravitational (W) energy would also
be very high for the rotating filament/cloud system:
Erot/W ≡ 1/2 I∆ Ω
2
G M2line L
≈ 0.5.
Such a high Erot/W ratio is unrealistic because the centrifugal
force would then severely distort the filament and result in a (col-
umn) density profile with secondary peaks and significantly shal-
lower than the observed profile of Fig. 3a (see Fig. 1 of Recchi
et al. 2014 for a normalized angular velocity Ω˜ =
√
2
piGρc
Ω ∼ 0.5
in the case of filament 8). Shearing motions induced by large-
scale interstellar turbulence may lead to the formation of fila-
mentary structures with transverse velocity gradients, although
in this case the resulting filaments are expected to be non-self-
gravitating or subcritical (Hennebelle 2013), in contrast to fil-
ament 8. Moreover, the dimensionless parameter Cv ≡ ∆V2G Mline ,
where ∆V ∼ 0.33 km s−1 is half the velocity difference across
the filament, is close to 1 here (Cv ∼ 0.85), which suggests that
the velocity gradient is not due to to the effect of supersonic tur-
bulence but related to the self-gravity of the filament (Chen et al.
2020).
The most likely interpretation of the transverse velocity gra-
dient is that it results from gravitational accretion motions into
filament 8 within a surrounding sheet-like cloud structure. A
similar pattern has been reported before for other filament sys-
tems, such as Taurus B211/B213 (Palmeirim et al. 2013; Shi-
majiri et al. 2019b), the Serpens cloud (Fernández-López et al.
2014; Dhabal et al. 2018), or IRDC 18223 (Beuther et al. 2015).
Here, the projected velocity gradient observed on the eastern side
(2.17 ± 0.27 km s−1 pc−1) is larger than that on the western side
(0.74 ± 0.09 km s−1 pc−1). This is reminiscent of the transverse
velocity gradient across the Taurus B211/B213 filament which is
also asymmetric (Palmeirim et al. 2013; Shimajiri et al. 2019b).
In the case of the B211/B213 filament, such a velocity gradient
was successfully modeled by Shimajiri et al. (2019b) as arising
from gravitational infall of background gas in a parent shell-like
structure with different inclination angles to the line of sight on
either side of the filament. We suggest that a similar model ap-
plies to filament 8 and can estimate the mass accretion rate into
the filament as follows.
We define Rout to be the outer radius of the filament, outside
of which the (column) density profile (Fig. 3a) starts to fluctuate
and to be dominated by the background cloud. From the high-
resolution (18.2′′) H2 column density map and the radial profile
of Fig. 3a, we estimate Rout ∼ 0.18 pc and an average background
column density NBackground ∼ 3 × 1021 cm−2. The relative veloc-
ity of the blue-shifted gas with respect to the line-of-sight veloc-
ity at filament center is measured to be Vlc = |Veast;Rout − Vc| ≈
0.38 km s−1 at Rout on the eastern side, while the relative veloc-
ity of the red-shifted gas is Vrc = |Vwest;Rout − Vc| ≈ 0.13 km s−1
at Rout on the western side. Assuming that the ambient gas is
in free-fall motion toward the filament as a result of the gravi-
tational potential of the latter, the free-fall velocity at Rout can
be expressed as Vff = 2
√
GMlineln(Rinit/Rout) (Palmeirim et al.
2013), where Rinit is the radius where the gas is initially at rest.
Here, we estimate Rinit ∼ 0.4 pc and Vff ∼ 0.32 km s−1 at
Rout. The total mass inflow rate from both sides is then expected
to be M˙ff = µH2mHNBackgroundVff × 2 ≈ 43 M Myr−1 pc−1.
The total mass accretion rate derived from the observed ve-
locities (ignoring projection effects) is very similar: M˙obs =
µH2mHNBackground(Vrc + Vlc) ≈ 35 M Myr−1 pc−1. We con-
clude that the accretion rate into filament 8 is M˙line ∼ 35–
43 M Myr−1 pc−1, corresponding to an accretion timescale,
Mline/M˙line ≈ 0.7 ± 0.2 Myr. Interestingly, the above accretion
rate is reminiscent of the value of 30 M Myr−1 pc−1 found
for filaments in hydrodynamic simulations of molecular cloud
formation by colliding flows and global hierarchical collapse
(Gómez & Vázquez-Semadeni 2014; Vázquez-Semadeni et al.
2019).
4.2. Fragmentation manner of filaments 8 and 10
The presence of two quasi-periodic chains of dense cores in the
X-shape region with a projected spacing similar to the width of
the parent filaments is quite remarkable. A few other examples of
quasi-periodic configurations of roughly equally-spaced dense
cores or clumps along filaments have recently been reported in
the literature. Using ALMA dust continuum emission at 870 µm,
Sánchez-Monge et al. (2014) found regularly-spaced condensa-
tions with a mean separation of ∼ 0.023 pc along the filamen-
tary structure G35.20-0.74N. Jackson et al. (2010) mapped the
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“Nessie” Nebula, a ∼80-pc long filamentary infrared dark cloud
(IRDC), in HNC (1–0) emission with the ATNF Mopra Tele-
scope and found a characteristic clump spacing of ∼ 4.5 pc (see
also Mattern et al. 2018). Tafalla & Hacar (2015) found a quasi-
periodic chain of dense cores with a typical inter-core separation
of ∼ 0.1 pc in the L1495/B213 filament of the Taurus MC (see
also Bracco et al. 2017). Wang et al. (2011) found a similar sep-
aration of ∼ 0.16 pc between dense cores along G28.34+0.06, a
filamentary IRDC whose line-mass is five to eight times larger
than the line masses of L1495/B213 and filament 8 here. Shi-
majiri et al. (2019a) recently reported evidence of two dis-
tinct fragmentation modes in the massive NGC 6334 filament
(Mline ∼ 1000 M/pc), with regularly-spaced clumps separated
by ∼0.2–0.3 pc, themselves fragmented into dense cores with a
typical spacing of ∼0.03–0.1 pc. While the above filaments span
a wide range of length scales and line-masses and may not be
directly comparable, it is also possible that dense filaments may
evolve and fragment in a qualitatively similar manner at low and
high line masses (cf. Shimajiri et al. 2019a), and that the same
underlying physical mechanism is responsible for their quasi-
periodic core or clump patterns.
Interstellar turbulence is believed to seed a whole spectrum
of density fluctuations along filaments, and subcritical filaments
are indeed observed to harbor a Kolmogorov-like spectrum of
linear density fluctuations (Roy et al. 2015). In the case of ther-
mally transcritical and supercritical filaments, self-gravity can
amplify some of these density fluctuations beyond the linear
regime, leading to prestellar core formation and protostellar col-
lapse. Linear fragmentation models for the growth of density
perturbations along infinitely long, isothermal equilibrium cylin-
ders with Mlin ≈ Mline,crit show that density perturbations with
wavelengths greater than ∼ 2 times the filament diameter can
grow and predict a characteristic core spacing of ∼ 4 × the
filament diameter (e.g. Inutsuka & Miyama 1992), or ∼ 5 ×
the FWHM width (e.g. Fischera & Martin 2012). Here, the
FWHMdec widths of filaments 8 and 10 are 0.13 ± 0.03 pc and
0.09 ± 0.03 pc, respectively, so we would expect characteristic
core spacings S fil 8theory ∼ 0.65 ± 0.15 pc and S fil 10theory ∼ 0.45 ± 0.15
pc in the two filaments according to these models. For these
predictions to match the observed (projected) spacings, S fil 8obs ∼
0.17 ± 0.01 pc and S fil 10obs ∼ 0.13 ± 0.03 pc, the two filaments
would have to be seen almost “head-on”, with a viewing angle
α of only 15–17◦ between the filament axis and the line of sight
in both cases. Such extreme values of α are quite unlikely, es-
pecially for two independent filaments. Assuming random incli-
nations to the line of sight, the probability of observing a cylin-
drical filament with a viewing angle α ≤ α0 is p = 1 − cosα0
or p ∼ 6% for α0 = 20◦. The probability of observing two fila-
ments (such as filaments 8 and 10 here) with α ≤ α0 ≈ 20◦ in a
sample of 5 transcritical or supercritical filaments (#5, 6, 8, 9, 10
in Table 1) is only P =
(
5
2
)
p2 (1 − p)3 ≈ 3.6% according to bi-
nomial statistics. The null hypothesis that the fragmentation pat-
tern observed in filaments 8 and 10 is consistent with the predic-
tions of classical cylinder fragmentation theory (e.g. Inutsuka &
Miyama 1992, 1997) can thus be rejected at the > 2σ confidence
level. The typical projected core spacing of ∼ 0.15 pc observed
toward filaments 8 and 10 is actually in better agreement with
normal or “spherical” Jeans-like fragmentation. In this case, the
expected fragmentation lengthscale is the standard Jeans length,
which may be expressed as:
λJ = cs
(
pi
Gρ
)1/2
= 0.237 pc
 T 0d10 K
 ( nH2104 cm3
)
, (7)
where ρ = µH2mHnH2 is the (central) volume density of the fila-
ment and cs is the isothermal sound speed a gas temperature T 0d .
Adopting T 0d = 13 K and the central densities given in Table 1,
the Jeans length λJ is estimated to be 0.11 and 0.15 pc for fila-
ment 8 and filament 10, respectively, or 0.13 pc on average. This
is very close to the observed value of ∼ 0.15 pc.
Several explanations may be proposed to account for the dis-
crepancy between the observed core spacing and the predictions
of classical cylinder fragmentation theory. First, filaments 8 and
10 are clearly not perfect, straight cylinders as they exhibit rather
pronounced bends along their lengths (cf. Figs. 6 and 7). Using
numerical simulations, Gritschneder et al. (2017) investigated
the fragmentation properties of filaments including sinusoidal
bends or longitudinal oscillations and showed that bending fila-
ments are prone to “geometrical fragmentation”, a process which
generates cores at the turning points of the geometrical oscilla-
tion, separated by half the wavelength of the initial sinusoidal
perturbation. Such a process may be partly at work here, al-
though the geometrical deformations observed in filaments 8 and
10 (compared to straight filaments) are not purely sinusoidal, and
some of the detected cores are apparently not located at clear
bends along the filaments (cf. Figs. 6 and 7).
Second, although currently poorly constrained, magnetic
fields may play a key role in controlling the detailed fragmenta-
tion manner of molecular filaments (see, e.g., André et al. 2019
for a review). A magnetic field perpendicular to the filament axis
tends to increase the wavelength of the most unstable fragmen-
tation mode, i.e., the expected separation between cores, and
may suppress fragmentation even for moderate field strengths
(Hanawa et al. 2017). In contrast, a longitudinal magnetic field
does not suppress fragmentation and shortens the expected core
spacing when expressed in units of the filament diameter (Naka-
mura et al. 1993; Hanawa et al. 1993). For a strong longitudi-
nal magnetic field (e.g., a plasma β ≡ ρc c2sB2c/8pi ∼ 0.1), the ex-
pected core spacing can become comparable to the filament di-
ameter (see Table 1 of Nakamura et al. 1993), as observed here
in the case of filaments 8 and 10. The required longitudinal field
strength ∼100 µG at densities ∼2–4 ×104cm−3 in the center of
filaments 8 and 10 is high, but not unrealistic in view of exist-
ing Zeeman measurements in MCs (Crutcher 2012). Observa-
tionally, the large-scale magnetic field tends to be perpendicular
to thermally transcritical or supercritical filaments such as fila-
ments 8 and 10 (Planck Collab. Int. XXXII 2016; Planck Col-
lab. Int. XXXV 2016), but little is known about the geometry of
the field in the interior of such filaments. There is a hint from
Planck polarization data that the magnetic field direction may
change in some cases from nearly perpendicular in the parent
cloud to more parallel within the filament (Planck Collab. Int.
XXXIII 2016), but higher-resolution data would be needed to be
truly conclusive. In particular, more work would be required to
assess the magnetic field topology within filaments 8 and 10 and
to clarify whether magnetic fields may account for the observed
fragmentation lengthscale.
Third, neither filament 8 nor filament 10 is an isolated cloud
structure in perfect hydrostatic equilibrium. As discussed in
Sect. 4.1, the transverse velocity gradient seen across filament 8
(Sect. 3.4 and Fig. 11) provides evidence that the filament is in
the process of accreting gas from the ambient cloud (cf. Chen
& Ostriker 2014; Shimajiri et al. 2019b). As shown by Clarke
et al. (2016), the presence of accretion modifies the process of
filament fragmentation. Indeed, Clarke et al. (2016) showed that
the fastest growing mode for density perturbations in a nearly-
critical accreting filament moves to shorter wavelengths, and can
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thus become significantly shorter than ∼ 4× the filament width,
when the accretion rate M˙formline that the filament experienced dur-
ing its formation (up to the point at which it became critical)
exceeds Σfil cs/2. The latter essentially means that the filament
formed dynamically as opposed to quasi-statically via subsonic
assembling motions. In the case of filament 8, the present accre-
tion rate was estimated to be M˙line = 40 ± 10 M pc−1 Myr−1 in
Sect. 4.1 while Σfil cs/2 is ∼ 20 M pc−1 Myr−1. It is thus plau-
sible that filament 8 formed dynamically on a relatively short
timescale, which may explain the quasi-periodic spacing of its
cores on a scale comparable to its width.
5. Conclusions
We performed a detailed study of filaments and cores in the
X-shape Nebula of the California MC using a high-resolution
(18.2′′) column density map constructed from Herschel data,
along with 12CO(2−1) and 13CO(2−1) data from the SMT 10m
telescope. Our main findings may be summarized as follows:
1. We selected 10 robust filaments with aspect ratios AR > 4
and column density contrasts C > 0.5 from a skeleton net-
work obtained with the getfilaments algorithm. The dust
temperatures of the filaments are anti-correlated with their
column densities (NH2 ). The deconvolved FWHM widths
(Wdec) of the 10 filaments range from 0.09 to 0.18 pc and are
uncorrelated with their column densities (NH2 ). The derived
median filament width, 0.12 ± 0.03 pc, is consistent with the
common inner width of ∼ 0.1 pc measured by Arzoumanian
et al. (2011, 2019) for Herschel filaments in nearby molecu-
lar clouds.
2. We identified two thermally supercritical filaments: filaments
8 and 10, which both exhibit quasi-periodic chains of dense
cores. The typical projected core spacing is ∼ 0.15 pc, close
or only ∼ 30–40% higher than the filament inner width. Five
prestellar cores form the chain structure of filament 8. There
is a transverse velocity gradient across filament 8, suggest-
ing that this filament is accreting gas from a surrounding gas
reservoir with an accretion rate M˙ ∼ 40±10 MMyr−1 pc−1.
Filament 10 is ∼ 0.5 pc away from filament 8 and at a later
fragmentation stage than filament 8. Two prestellar cores and
two protostellar cores form the chain structure of this fila-
ment.
3. We emphasize that classical cylinder fragmentation theory
cannot account for the observed fragmentation properties of
filaments 8 and 10. We suggest that three key factors may
explain why the observed core spacing is shorter than the
standard fragmentation lengthscale of equilibrium filaments.
First, filaments 8 and 10 are not straight cylinder structures
and feature bends along their crests which likely affect the
fragmentation process. Second, if a longitudinal magnetic
field of ∼100 µG is present at the center of filaments 8 and
10, the characteristic fragmentation lengthscale may become
comparable to the filament diameter as observed. Third, at
least in the case of filament 8, the presence of external ac-
cretion from the ambient cloud may enhance initial density
perturbations, leading to a shorter core spacing compared to
an isolated filament.
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Fig. A.1. Positions of the 57 dense cores (FWHM Gaussian ellipses) identified in the X-shape Nebula region overlaid on the Herschel high-
resolution (18.2′′) column density map. Magenta ellipses mark the 24 unbound starless cores, blue ellipses the 11 candidate prestellar cores, black
ellipses the 20 robust prestellar cores, and green stars the 2 protostellar cores (see Sect. 3.3). The skeleton of the filament network extracted in
Sect. 3.2 is shown by grey curves. The thirteen 5′ × 5′ fields covered by the SMT CO observations are marked as black boxes.
Appendix A: Core location distribution
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Table A.1. Physical parameters of the cores identified with Herschel in the X-shape Nebula region.
No. RA Dec HL HS PA Rdec N
p
H2
NpH2/N
bg
H2
Mcore MBE Type
(J2000) (J2000) (′′) (′′) (◦) (pc) (1021 cm−2) (M) (M)
1 04:19:20.6 +37:28:30 33.5 19.6 22.6 0.04 0.9 0.5 0.09 0.9 U-STA
2 04:19:26.7 +37:21:50 40.9 18.2 40.4 0.05 0.7 0.3 0.3 1 C-PRE
3 04:19:27.7 +37:28:05 62.9 42.1 140.2 0.12 0.7 0.4 0.2 2.3 U-STA
4 04:19:28.7 +37:20:34 51 34.8 86.1 0.09 1.2 0.7 0.5 1.8 U-STA
5 04:19:29.7 +37:22:50 52 23.5 17.6 0.07 1.1 0.5 0.5 1.4 C-PRE
6 04:19:36.4 +37:29:05 27.8 18.2 128.5 0.03 0.8 0.3 0.2 0.6 C-PRE
7 04:19:36.7 +37:28:46 26.3 18.2 133.8 0.03 0.7 0.3 0.1 0.6 U-STA
8 04:19:37.2 +37:26:48 52.3 36.3 102 0.1 2.2 0.8 1.4 1.9 R-PRE
9 04:19:39.8 +37:28:59 48.8 35.5 85.7 0.09 1.2 0.4 1.2 1.8 R-PRE
10 04:19:49.5 +37:24:01 34.5 24.3 151.2 0.05 0.8 0.5 0.2 1.1 U-STA
11 04:19:57.5 +37:31:06 43.4 23.4 95 0.06 1.1 0.3 0.3 1.3 C-PRE
12 04:20:03.7 +37:31:24 50.6 18.4 52.4 0.06 1.5 0.5 4.4 1.2 R-PRE
13 04:20:14.8 +37:31:53 49.2 32.1 84.9 0.09 2.9 1.1 1.1 1.7 R-PRE
14 04:20:26.4 +37:10:25 37.7 25.1 49.6 0.06 1.2 0.8 0.2 1.2 U-STA
15 04:20:30.6 +37:33:31 46.3 21.8 85.7 0.06 0.6 0.3 0.1 1.3 U-STA
16 04:20:33.3 +37:12:09 44.1 25.2 0.1 0.07 0.4 0.3 0.1 1.3 U-STA
17 04:20:34.9 +37:15:38 40.7 20.6 2.6 0.05 0.2 0.1 0.06 1.1 U-STA
18 04:20:42.1 +37:33:32 31.4 21.9 83.9 0.05 1.4 0.8 0.6 0.9 R-PRE
19 04:20:45.5 +37:29:49 38.1 25.6 57.9 0.06 1.1 0.6 0.3 1.2 U-STA
20 04:20:47.4 +37:30:38 44.5 35.9 38.5 0.09 1.5 0.8 2.2 1.7 R-PRE
21 04:20:47.8 +37:17:16 77.5 26.5 40.4 0.1 0.7 0.3 0.5 2 U-STA
22 04:20:53.9 +37:33:12 54.3 24.8 94.4 0.08 0.8 0.3 0.3 1.5 U-STA
23 04:21:00.6 +37:32:41 31.1 20.6 55.6 0.04 1.5 0.4 0.2 0.8 C-PRE
24 04:21:00.9 +37:31:19 28.6 20.6 97.6 0.04 0.5 0.2 0.04 0.8 U-STA
25 04:21:01.2 +37:20:50 53.6 31.9 4.8 0.09 4.8 1.6 5.8 1.8 R-PRE
26 04:21:02.8 +37:34:24 43.6 31.7 5.4 0.08 0.9 0.4 0.2 1.6 U-STA
27 04:21:05.8 +37:24:12 42.3 33.6 33.3 0.08 1.4 0.6 0.5 1.6 C-PRE
28 04:21:07.3 +37:25:20 52.3 30.5 37.1 0.09 2.2 0.8 1.3 1.7 R-PRE
29 04:21:14.5 +37:37:48 46.2 18.5 169.9 0.06 6.3 1.4 0.9 1.1 R-PRE
30 04:21:14.6 +37:36:37 41.2 20 164.1 0.05 5 0.9 0.9 1.1 R-PRE
31 04:21:15.5 +37:31:49 23.8 18.2 7.8 0.02 0.9 0.2 0.2 0.5 C-PRE
32 04:21:17.4 +37:35:38 37.8 20 116.5 0.05 4.3 0.5 0.7 1 R-PRE
33 04:21:18.2 +37:33:44 37.6 19.8 4.8 0.05 10.9 1.1 2.3 1 R-PRE
34 04:21:20.7 +37:34:51 39.1 20.5 165.8 0.05 2.4 0.3 0.5 1 R-PRE
35 04:21:23.3 +37:32:20 22.4 18.7 90.3 0.02 0.7 0.1 0.05 0.5 U-STA
36 04:21:24.4 +37:36:31 53 21.9 52.4 0.07 0.9 0.3 0.4 1.4 C-PRE
37 04:21:26.2 +37:36:38 22.5 18.2 41.9 0.02 0.5 0.2 0.07 0.4 U-STA
38 04:21:29.9 +37:33:24 51.8 42.8 87.7 0.11 2.4 0.5 0.8 2.1 C-PRE
39 04:21:32.7 +37:42:23 50.4 36.4 5.4 0.09 0.6 0.5 0.2 1.9 U-STA
40 04:21:33.7 +37:32:54 34.1 18.2 92.7 0.04 3.6 0.4 0.6 0.8 R-PRE
41 04:21:35.6 +37:36:22 26.6 18.2 138.4 0.03 0.8 0.1 0.4 0.6 R-PRE
42 04:21:37.4 +37:37:43 33.3 23 69.2 0.05 1.1 0.3 0.1 1 U-STA
43 04:21:37.7 +37:35:21 32.5 18.2 157.4 0.04 5.6 0.6 2.8 0.8 R-PRE
44 04:21:38.5 +37:34:37 24.1 18.2 3 0.03 18.7 1.9 3.8 0.5 PRO
45 04:21:39.2 +37:32:31 45.9 18.3 136.4 0.05 4.3 0.5 0.3 1.1 C-PRE
46 04:21:41.1 +37:33:58 20.3 18.7 130.3 0.02 15.3 1.2 1.9 0.3 PRO
47 04:21:41.3 +37:37:16 27.2 22.1 116.7 0.04 0.9 0.2 0.1 0.8 U-STA
48 04:21:45.2 +37:32:15 31 23.2 2.3 0.05 1.7 0.2 0.6 1 R-PRE
49 04:21:45.5 +37:33:19 36.6 18.2 128.2 0.04 9 0.9 2.9 0.9 R-PRE
50 04:21:50.6 +37:32:32 28.7 18.2 163.8 0.03 1.3 0.2 0.5 0.7 R-PRE
51 04:21:51.2 +37:32:03 22.6 18.2 164.9 0.02 1.4 0.3 0.3 0.4 R-PRE
52 04:21:55 +37:31:43 27.6 22.7 133.5 0.04 1 0.3 0.2 0.8 C-PRE
53 04:21:55.2 +37:38:04 43.8 18.2 22.6 0.05 0.5 0.3 0.1 1 U-STA
54 04:21:57.7 +37:20:10 59.7 29 14.4 0.09 0.5 0.3 0.2 1.8 U-STA
55 04:22:02.8 +37:34:17 34.2 18.2 111.3 0.04 0.7 0.5 0.2 0.8 U-STA
56 04:22:07.4 +37:16:49 53.6 32 166.5 0.09 0.9 0.5 0.3 1.8 U-STA
57 04:22:09.7 +37:14:39 45.8 35.7 90.2 0.09 1 0.5 0.3 1.7 U-STA
Notes. These cores were identified and classified using the standard HGBS procedure described by Könyves et al. (2015). RA and DEC are the
centroid equatorial coordinates of the cores. The cores are sorted from west to east. HL and HS are the major and minor axes of the elliptical
Gaussian source that was fitted to each core in the Herschel high-resolution (18.2′′) column density map. PA is the position angle of the major axis
(measured east of north). Rdec is the deconvolved core radius. NpH2 is the peak column density. N
p
H2
/NbgH2 is ratio of peak to background column
density. Mcore is the core mass estimated from SED fitting. When a core is protostellar, Mcore is the protostellar envelope mass. MBE is the critical
Bonnor-Ebert (BE) mass. R-PRE stands for robust prestellar core, C-PRE for candidate prestellar core, U-STA for unbound starless core, and
PRO for protostellar core. There are 24 U-STA cores, 11 C-PRE cores, 20 R-PRE cores, and 2 PRO cores in total.
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